were assessed. On weeks -2, -1, 0, 10, 11, 12, semen was packaged into 0.25 mL 28 straws and frozen using a programmable freezer. On weeks -1, 7 and 11; a sub- 
weeks of the feeding period. Semen was collected via electro-ejaculation at weeks -25 2, -1, 0, 7, 10, 11 and 12 relative to the beginning of the trial period (week 0). On 26 collection, semen volume, sperm concentration and progressive linear motility (PLM) 27 were assessed. On weeks -2, -1, 0, 10, 11, 12, semen was packaged into 0.25 mL 28 straws and frozen using a programmable freezer. On weeks -1, 7 and 11; a sub-29 sample of semen was separated into sperm and seminal plasma, by centrifugation 30 and stored at -20˚C until analysis of lipid composition. Semen from 10 bulls per 31 treatment were used for post-thaw analysis at weeks 10, 11 and 12 (3 straws per 32 ejaculate). Sperm motility was analysed by computer assisted semen analysis 33 (CASA). In addition, membrane fluidity, acrosome reaction and oxidative stress were 34 assessed using flow cytometry. Sperm from bulls fed SO had a 1.2 fold higher total 35 n-6 PUFA content at week 11 compared to week -1 (P<0.01) while bulls fed FO had 36 a 1.3 fold higher total n-3 PUFA content, in sperm by week 11 (P<0.01). There was 37 no effect of diet on semen volume, concentration or PLM of sperm when assessed thawed sperm following FO supplementation of bulls [13] , have also been reported.
73
In contrast, supplementation of bulls with linolenic acid, a n-3 PUFA, using linseed 74 oil, resulted in no improvement in fresh semen quality but did improve plasma 75 membrane integrity post-thawing [14] .
76
Although some positive effects of PUFA supplementation on semen quality have 77 been detected, increasing dietary PUFA intake can also cause vulnerability of 78 spermatozoa to reactive oxygen species (ROS) damage, leading to an increase in 79 lipid peroxidation [15] . In humans, increased levels of lipid peroxidation have been 80 associated with loss of sperm motility [16] and thus is likely to have a negative 81 impact on fertility. Increases in oxidative stress are also associated with DNA 82 damage [17] and damage to DNA of spermatozoa can reduce fertilizing ability as 83 well as leading to an increase pre-implantation early embryo loss [18] . In addition, a 84 significant reduction in sperm PUFA concentration, particularly in docosahexaenoic 85 acid (DHA; C22:6n-3), has been reported with increasing age in bulls [11] . This has 86 stimulated commercial interest in the use of dietary supplementation to alter the 87 PUFA content of sperm, and increase reproductive potential.
88
Given the conflicting nature of in the published literature on the consequences of 89 dietary PUFA supplementation on semen characteristics of cattle, the aim of this 90 study was to examine the effects of dietary rumen-protected n-6 and n-3 PUFA on 91 semen quantity and quality in young post-pubertal dairy bulls. 
Material and Methods

93
All animal procedures performed in this study were conducted under experimental 
Animal Management
99
Holstein-Friesian (n=43) and Jersey (n=7) bulls with a mean ± s.e.m. age and 100 bodyweight of 420.1 ± 5.86 days and 382.0 ± 8.94 kg, respectively, were blocked on 101 breed, weight, age and semen quality (based on the outcomes of two pre-trial 102 ejaculates) and randomly assigned to one of three concentrate-based dietary 103 treatments (Table 1) , namely: (i) a non-supplemented control (CTL, n=15), (ii) 104 rumen-protected safflower (Safflower; SO, n=15), or (iii) rumen-protected n-3 PUFA-105 enriched FO (Incromega; FO, n=20). Both fat supplements were supplied by Trouw
106
Nutrition; Belfast, Ireland. All diets were isonitrogenous and isocaloric (Table 2) .
107
Animals were housed in a concrete slatted floor shed and individually fed using an 108 electronic feeding system (Calan Inc., Northwood, NH, USA) for the initial six weeks 109 of the feeding period, followed by group feeding (5 bulls per treatment/pen), for the 110 remaining six weeks. Animals were allowed two weeks to acclimatise to the 111 individual feeding facility followed by ten days acclimatisation to their respective diets 112 and were then offered diets ad libitum for 12 weeks. All animals received 5 kg (fresh 113 weight) of grass silage daily. 
Semen collection
115
Semen collections were carried out in the summer, between June and August.
116
Semen was collected using the trans-rectal electro-ejaculation (Pulsator, Lanes, CO, 117 USA) technique [19] at weeks -2, -1, 0, 7, 10, 11 and 12 relative to the beginning of 118 the trial period (week 0.). Following collection, semen volume was recorded and 119 progressive linear motility (PLM) was assessed subjectively using a phase contrast microscope incorporating a heated stage at 37 o C (100 sperm per assessment).
121
Spermatozoa concentration was assessed using a photometer (Minitub, Tiefenbach, 122 Germany). On weeks -2, -1, 0, 10, 11, and 12, semen was diluted to 80 x 10 6 sperm 123 per mL in Bioxcell (IMV, L'Aigle, France) and loaded into 0.25 mL straws (IMV).
124
Straws were cooled gradually from room temperature to 4˚C over a period of 90 min 125 and allowed to equilibrate at 4˚C for 3 h. (TRANSREG procedure). Data were analysed using ANOVA (MIXED procedure). n-6, n-6 to n-3 ratio and DHA content of both sperm and SP were used as 263 independent variables. Multiple regression analysis was also used to identify suitable 264 predictor variables for total n-3 and n-6 PUFA content of sperm using total saturated, 265 monounsaturated, n-3 and n-6 intakes as independent variables, The analysis was 266 conducted separately for each of the three timepoints (weeks -1, 7, 11). All results
267
are presented as mean ± s.e.m., unless otherwise stated. declined (P<0.001) from weeks -1 to 7 and then plateaued.
291
In SP, there was a diet by week interaction detected for myristic acid ( to be higher at week -1 than on week 11. There was no effect of diet or week of 300 sampling on total SFA concentrations of SP.
301
There were no diet by week interactions for the various monounsaturated fatty 302 acids (MUFA; Table 4 ;), assessed in spermatozoa. Palmitoleic (n-7), palmitoleic (n-303 9) and oleic acid decreased from weeks -1 to 11 (P<0.001). There was a quadratic 304 effect of week on vaccenic and nervonic acid (P<0.01); concentration of sperm 305 vaccenic acid increased from weeks -1 to 7 and then decreased from weeks 7 to 11.
306
The opposite trend was observed for sperm nervonic acid concentration. There was 307 a linear decrease in sperm total MUFA (P<0.01) from weeks -1 to 11.
308
Monounsaturated fatty acids in SP were unaffected by diet and week with the 309 exception of oleic acid which decreased from weeks -1 to 11 (P<0.05). This 310 difference contributed to a tendency for total MUFA in SP to decrease from weeks -1 311 to 11 (P=0.09).
312
In spermatozoa, there was a diet by week interaction for eicosadienoic acid 313 (P<0.01). This PUFA was higher in SO bulls than in CTL bulls at weeks 7 and 11
314
(P<0.05), but concentrations for both diets were similar for FO. There was a diet by 315 week interaction for adrenic acid concentration in spermatozoa (P<0.001). Bulls on
316
SO had a higher concentration of adrenic acid than either CTL or FO at week 11 317 (P<0.001). There was also a diet by week interaction for docosapentaenoic acid
318
(DPA, n-6) concentration (P<0.001). Bulls on CTL had higher concentrations of DPA
319
(n-6) in sperm on weeks -1 and 7 compared to FO (P<0.001), while SO had higher 320 DPA (n-6) in sperm, at week 11 than either the CTL (P<0.05) or FO (P<0.001) bulls.
321
There was a diet by week interaction for total n-6 PUFA concentration in sperm 322 (P<0.001). Total n-6 PUFA concentrations were higher in CTL bulls compared to FO 323 bulls at week 11 (P<0.001). The SO bulls tended to have higher total n-6 PUFA 324 concentrations in spermatozoa on week 7 compared to FO bulls (P=0.09); this 325 difference reached statistical significance on week 11 (P<0.001).
Stepwise 326 regression models using total saturated, monounsaturated, n-3 and n-6 PUFA 327 intakes as independent variables showed that there is an increase in the amount of 328 variation of total n-6 PUFA content in sperm, that can be explained overtime ( Table   329 6). On week -1; none of the variability was accounted for. However, by week 7 total 330 n-3 PUFA intake accounted for 37% of the variability in total n-6 PUFA content of 331 sperm. By week 11, n-3 PUFA and MUFA intake account for 68 and 6% of the 332 variation in total n-6 PUFA content of sperm, respectively.
333
In SP, there was a diet by week interaction for adrenic acid (P<0.001) as a concentrations of eicosadienoic increased in the same period (Table 4) .
346
There was a diet by week interaction detected for sperm DPA (n-3) (P<0.001). There was a diet by week interaction for n-6 to n-3 ratio (P<0.001). The ratio 374 of n-6 to n-3 FA was lower in FO on week 11 compared to either CTL or SO bulls 375 (P<0.001), consistent with the design of the study. Also, at week 11 the n-6 to n-3 376 ratio in sperm tended (P=0.06) to be lower in FO compared to CTL bulls. In SP, there 377 was an interaction of diet by week for n-6 to n-3 ratio (P<0.05); FO supplementation 378 led to a significant drop in n-6 PUFA concentration, evidenced by lower n-6 to n-3 379 ratio on weeks 7 (P<0.05) and 11 (P<0.001) in FO bulls compared to either CTL or 380 SO bulls. There was no diet by week interaction or effect of diet on total PUFA 381 concentration in spermatozoa. However, there was an effect of week (P<0.001); total 382 spermatozoa PUFA concentration increased from weeks -1 to 7 (P<0.01) and 383 remained at this level until week 11.
384
There was no diet by week interaction or effect of week on total PUFA in SP
385
There was an effect of diet (P<0.05); total PUFA were lower in CTL (P<0.05) and 386 tended to be lower in SO (P=0.09) in comparison to FO bulls (Table 5) .
387
Stepwise regression models using total saturated, monounsaturated, n-3 and 388 n-6 intakes as independent variables shows that there is an increase in the amount 389 of variability in total n-3 PUFA content in sperm, that can be explained overtime 390 (Table 6 ). At week 1 none of the variability can be accounted for however by week 7 391 total n-3 PUFA intake accounts for 27%. At week 11 both n-3 PUFA and MUFA 392 intake account for 60 and 7% of the variation in total n-3 PUFA content in sperm,
393
respectively. There was no effect of diet on post-thaw spermatozoa total motility using 403 CASA; Table 7 ). There was an effect of week (P<0.05) on PLM and motility which 404 were higher on week 12 compared to weeks 10 or 11. There was no effect of week 405 or week by diet interaction on VCL, VSL, VAP, LIN, STR, ALH or BCF. Higher ALH
406
was recorded when bulls were offered the SO diet compared to the CTL (P<0.05).
407
Stepwise regression models, show that total n-6 PUFA intake explained 9% of the 408 variability in both total and PLM, post-thaw motility (Table 8) .
409
There was an effect of diet on the percentage of viable spermatozoa post- difference between CTL and SO bulls remained until week 11; however there were 418 no differences in acrosome status, between diets on week 12 of the study. There 419 was no effect of diet, week or their interaction on oxidative stress (Figure 2(d) ).
420
Stepwise regression, using FA intake and sperm FA composition as 421 independent variables showed that 38% of the variability in viability, 27% in 422 acrosome integrity and 21% membrane fluidity could be explained (Table 8 ). The n-6
423
PUFA intake of bulls accounted for 18 and 27% of the variation in viability and 424 acrosome integrity, respectively. The DHA composition of SP tended to accounted 425 for 20% (P=0.09) of variability in viability, while a small but statistically significant 426 portion of the variability in membrane fluidity was explained by the n-6/n-3 ratio in 427 sperm (8%) and by dietary n-3 intake (13%). 
Discussion
429
This study shows that dietary supplementation with SO and FO alters the n-6 and 430 n-3 PUFA composition, respectively, of spermatozoa and SP of young post-pubertal, 431 dairy bulls. However, these changes were not associated with improvements in the 432 quantity of semen produced or quality of either fresh or frozen-thawed spermatozoa. The overall 1.8-fold decrease in total MUFA in sperm in the current study is 450 higher than that observed in a similar study in pigs (1.2-fold decrease) when the n-6: 451 n-3 ratio was also altered [30] . Few changes were detected in MUFA composition of 452 SP; only oleic acid exhibited a significant (2.2-fold) decrease; following an alteration 453 of the dietary n-6 to n-3 ratio. In the small number of other studies in bulls and pigs
454
where SP MUFA composition has been quantified, none report changes over time 455 and, in many, oleic acid was the only MUFA detectable [6, 14] .
456
There are very few studies in which n-6 PUFA have been supplemented to 457 ruminants and effects on semen quantity and quality assessed. In one such study
458
[31], in which rams were fed sunflower oil as a source of n-6 PUFA, the level of 459 incorporation into animal tissues was not reported. In our study, the concentration of 460 n-6 PUFA in spermatozoa was higher in CTL bulls on week 7 and SO bulls at week 7
461
and 11 compared to FO bulls in which a 1.5-fold decrease was observed by week 11 462 compared to week -1. By week 11; 74% of the variation in total n-6 PUFA in sperm weeks -1 and 11 for total n-3 PUFA in sperm; explained by total n-3 PUFA and
475
MUFA intake. Alpha-linolenic acid (ALA), also a precursor of long-chain n-3 PUFA, 476 decreased suggesting that this FA was used to synthesize both DPA (n-3) and DHA. and FO bulls.
496
The importance of dietary n-6:n-3 ratio has been reviewed [33] and all 497 evidence points towards benefits for both fertility and health when this ratio is 498 reduced. Indeed, in the current study, the n-6:n-3 ratio of both sperm and SP was 499 reduced by almost 50% when bulls were supplemented with FO. affect fertility. Total n-6 intake of bulls appeared to account for significant, albeit a 528 low degree of explained variation in an array of functional semen analyses (Table 8) .
529
Given that there are a very few studies that have examined dietary supplementation 530 of with n-6 PUFA, in bulls; their effects on fertility require further study. 0.39 ± 0.038 0.26 ± 0.023 0.80 ± 0.081 1.00 ± 0.187 Oleic (C18:1 n-9)
13.11 ± 0.469 13.13 ± 0.105 11.53 ± 0.105 3.13 ± 0.289 Vaccenic (C18:1 n-7)
1.12 ± 0. Table 4 . Effect of dietary polyunsaturated fatty acid supplementation on fatty acid concentration of sperm from bulls offered a control, safflower or fish oil diet for 12 weeks on weeks -1, 7 and 11 of the experimental period (% total fatty acids; mean ± s.e.m.). Diet CTL (n = 10) SO (n = 10) FO (n = 10) Significance, P value .001 NS CTL = control; SO = safflower oil; FO = fish oil; NS = not significant; week 0 indicates start of dietary supplementation. Limit of quantification = 0.06%; ND = not detectable. a total n-6/total n-3 Table 5 . Effect of dietary polyunsaturated fatty acid supplementation on fatty acid concentration of seminal plasma from bulls offered a control, safflower or fish oil diet for 12 weeks on week -1, 7 and 11 of the feeding period (% total fatty acids; mean ± s.e.m.). Table 6 . Stepwise regression models for total n-3 and n6 PUFA in sperm using total saturated, monounsaturated, n-3 and n-6 intakes as independent variables. Beat cross frequency (Hz) 5.9 ± 0.28 6.9 ± 0.23 6.5 ± 0.35 6.4 ± 0.30 6.1 ± 0.34 6.9 ± 0.23 ns ns ns abc Different superscripts differ significantly within row 1 *=P<0.05; **=P<0.01; ***=P<0.001; ns= not significant (P>0.05). CON = control; SO = safflower oil; FO = fish oil; NS = not significant. CASA = computer assisted semen analysis. PLM =progressive linear motility. Table 8 . Stepwise regression models for computer assisted semen analysis (CASA) of total motility, progressive linear motility (PLM), sperm viability, acrosome integrity, and membrane fluidity of frozen-thawed semen using dietary total n-6 and n-3 intakes, percentage lipid content of total n-3 and n-6, n-6 to n-3 ratio and DHA content of both sperm and seminal plasma (SP) as independent variables.
Slope
Individual R superscripts indicate a significant difference between weeks. *SO diet tends to be 6 greater than CTL (P = 0.06). ǂWeek 11 tends to be lower than week 12 (P = 0.06). proportion of negative (unstained) and positive events for S16 in the Green detector.
24
The univariate histogram (c) represents a PI single colour control and displays the 25 proportion of negative (unstained) and positive events for PI in the Yellow detector. 
